A simple method to immobilize carbohydrates on a glass surface to obtain a carbohydrate microarray is described. The array was used to study carbohydrate-lectin interactions. The glass surface was modified with aldehyde terminated linker groups of various chain lengths. Coupling of carbohydrates with an amino terminated alkyl spacer to the aldehyde terminated glass followed by reductive amination resulted in carbohydrate microarrays. Fluorescently labeled (FI-TC) lectins (concanavalin A and Arachis hypogaea) were used to study specific carbohydrate-lectin interactions. contact angle, atomic force microscopy (AFM) and confocal laser fluorescence microscopy (CLFM) techniques were used in this study to monitor the modification of the glass and the successful selective binding of lectins to the carbohydrate microarray.
The early 1990s witnessed the concept of "Microarray technology" in the field of biology and medicine as a powerful tool to facilitate gene expression analysis and genetic and mutation analysis [1] . With the success of DNA microarrays in mind, researchers started exploring the advantages of microarrays in other fields. Protein microarrays, which are more difficult to assemble than DNA arrays due to structural and physical differences with DNA, are used in protein-protein, protein-DNA and protein-drug interactions and for identifying posttranslational changes [2] . Now carbohydrate microarrays on various surfaces (gold [3] , polystyrene [4] and glass [5] ) are catching the attention of researchers due to their specific interaction with lectins. Lectins are proteins, obtained from plant and animal sources that bind specifically to carbohydrates. They are valuable biochemical tools because of their biological functions dealing with cell-cell recognition, lymphocyte homing and cancer metastasis. [6] . Glass has many advantages [7a,b] over other surfaces because of 1) low background fluorescence, 2) chemical inertness, 3) resistance to high temperatures and 4) easy availability and low costs compared to other surfaces. In view of these advantages, it is surprising that not more work has been carried out towards the development of carbohydrate microarrays, covalently linked to glass. Recently, one article appeared starting from commercially available aldehyde coated glass slides [5c]. Our aim was to prepare a carbohydrate microarray covalently linked to a glass surface. Below we describe a simple procedure to prepare carbohydrate microarrays from standard glass slides. 
Functionalized surface
Contact angles (θ°)
Glass surface after cleaning 9.0 ± 1.0° Glutaric dialdehyde (L1) 45.5 ± 0.5°
AEAPS surface
glass surface after cleaning with N-(2-aminoethyl)-3aminopropylmethyldimethoxy silane, followed by reaction with glutaric dialdehyde led to linker L 1 with some hydrophilic character. Further treatment of L 1 with 2,2'-(ethylenedioxy)diethylamine, followed by glutaric dialdehyde attachment via imine linkage, resulted in linker L 2 (see scheme 1).
Scheme 1: Synthetic procedure to prepare carbohydrate arrays on glass surfaces 1) piranha solution; 2) N-(2-aminoethyl)-3-aminopropylmethyldimethoxysilane; 3) glutaric dialdehyde; 4) & 7) coupling and reduction; 5) 2, 2'(ethylenedioxy)diethylamine; 6) glutaric dialdehyde.
The morphology of the surface changed as a result of the attachment of the different linker groups [7c].
AFM was employed to obtain more detailed information on the surface modification ( Figure 1 ). The roughness of clean glass (≈ 5 nm) was reduced after treatment with N-(2-aminoethyl)-3aminopropylmethyl dimethoxy silane resulting in a soft silane layer on the surface (Figure 1b) . A slight increase of surface roughness was observed after the glutaric dialdehyde treatment (L 1 ) ( Figure 1c ). After further elongation of the chain, it was difficult to observe additional changes of the surface (see supplementary data). From the contact angle and AFM measurements, it is clear that the glass surface was successfully modified. Figure 2 shows the structure of β-& α-carbohydrates with an amino terminated spacer (β-gal, β-glc, α-man, α-gal & α-glc), which was synthesized according to a literature procedure reported elsewhere [3a] . Initially, to study the carbohydrate immobilization step, linker L 1 coated slides were coated completely with one particular carbohydrate separately by imine linkage, followed by reductive amination, resulting in a carbohydrate coated glass surface. The contact angle of the surface increased after carbohydrate immobilization on linker L 1 . Each carbohydrate slide exhibited different contact angles (see Table 1 ). The AFM image of an α-mannose coated slide shows a slight increase of surface roughness (Figure 1d ). Figure 1e shows a drastic increase of surface roughness to 100 nm due to a Con A-α-mannose interaction on the glass surface. It is evident from the fluorescence images that lectins were bound
selectively to the carbohydrates (Figure 3a-j) . When the carbohydrate microarray is treated with FI-TC labeled lectins, it is observed that Con A binds to α-mannose and α-glucose and does not show any interaction with other carbohydrates (β-gal, α-gal, β-glc) present on the surface (Figure 3a-e ). The other lectin, Arachis hypogaea binds to β-and α-galactose only (Figure 3i-j) . No fluorescence was observed in any region other than that of the carbohydrate spots. The influence of the linker chain lengths on the nonspecific adsorption of lectins was examined. The fluorescence results obtained from carbohydrate linker L 2 microarray showed similar results to that of carbohydrate linker L 1 microarray, which indicates that linker L 1 is long enough to prevent non-specific adsorption of lectins to the surface.
We have thus presented a simple method for preparing covalently immobilized carbohydrate microarrays on glass that can be used to evaluate carbohydrate-lectin interactions. The advantages of this method are 1) the linker groups and carbohydrates are easy to synthesize and 2) no special protective groups are required to protect free aldehyde groups on the surface after the carbohydrate immobilization step. The results indicated successful selective binding of FI-TC Con A and PNA with carbohydrates. These microarrays can be used for the screening of lectins from plant extracts.
Experimental
Contact angle measurements: Contact angle measurements were performed using a Krüss instrument. MilliQ water was deposited on the surface using a micropipette (volume range: 0.5 -50 μL). An average of 3 droplets in discrete positions on the surface was reported.
Atomic force microscopy: AFM measurements were performed using a Nanoscope Digital instrument with a Si 3 N 4 tip cantilever. The images were recorded in the contact mode using 256 pixels per line with a scan rate of 1.96 Hz. The surface roughness was determined with a scale of 5 μm (X-axis) and either 0-20 or 0-30 nm (Y-axis).
Confocal laser fluorescence scanning microscopy:
Fluorescence measurements were performed with a confocal laser fluorescence microscope (LSM 510). An Argon ion laser was the source with an excitation wavelength of 488 nm. Images were recorded with an objective of Plan-Neofluar (10 X/0.3) and 512 pixels with 2.56 µs pixel time.
Surface modification of glass:
All solutions were freshly prepared for all experiments. Glass slides were immersed in the solution in an inclined position. Afterwards, slides were rinsed with distilled water and dried under a stream of "dust free" nitrogen.
Carbohydrates were patterned using a Finntip 250 universal pipette (volume range 0.5 -250 µL).
Linker group L 1 : Glass slides were immersed in piranha solution [conc. H 2 SO 4 : H 2 O 2 (7:3)] for 1 h, rinsed (2 x 5 min), dried and placed in an oven (t = 120°C) for 10 min. Subsequently, these slides were immersed in 1% (w/v) N-(2-aminoethyl)-3amino propyl methyl dimethoxy silane in 95% aq. acetone solution for 15 min followed by rinsing with acetone (2 x 5 min), dried and placed in oven (t = 120°C) for 40 min. The silanized slides were then immersed in 5% (v/v) glutaric dialdehyde in PBS solution for 2 h, followed by rising (2 x 5 min) and drying.
Linker group L 2 : The aldehyde terminated slides (L 1 ) were immersed in 5% aq. 2,2'-(ethylenedioxy) diethyl amine solution for 2 h, rinsed (2 x 5 min) and dried. The slides were then immersed in 5% (v/v) glutaric dialdehyde in PBS solution for 2 h, rinsing (2 x 5 min) and dried.
Carbohydrate immobilization procedure: Carbohydrates (0.5-2 µL of a 5 mM solution in sodium carbonate buffer, pH = 9) were spotted on specific locations of the aldehyde-terminated slides L 1 and L 2 . The slides were placed in a wet box with 100 % humidity for 1 h at room temperature. The box was then placed in a water bath (t = 37 -38°C) for 2 h, followed by rinsing with 1% SDS solution and with distilled water (2 x 5 min). The carbohydrate microarrays were immersed in NaBH 4 (0.28 g, 75 mL PBS, 25 mL ethanol) solution for 15 min followed by rinsing with distilled water and dried.
Carbohydrate-lectin interaction:
The carbohydrate microarray was incubated for 1 h in 0.3% Tween 20 PBS (1mM Ca 2+ , 1 mM Mn 2+ & 1mM Mg 2+ ) containing FI-TC labelled lectin (1 μg/mL) solution, followed by gentle rinsing with 0.3% Tween 20 in PBS (1 mM Ca 2+ , 1 mM Mn 2+ & 1 mM Mg 2+ ) solution for 3 x 5 min, dried with a stream of nitrogen and scanned with a confocal laser fluorescence microscope.
Supplementary data: Synthetic scheme for the preparation of carbohydrates with aminoterminated alkyl spacer and 3D-AFM images of a) 2,2'-(ethylenedioxy)diethylamine coated slide and b) glutaric dialdehyde coated slide.
